A method with best prediction properties that condenses information from all test days into measures of lactation yield and persistency has been proposed as a possible replacement for the test interval method and projection factors. The proposed method uses previously established correlations between individual test days and includes inversion of a matrix for each lactation. Milk weights that were representative of monthly, a.m.-p.m., and trimonthly test plans were examined to compare the accuracy of best prediction and test interval methods for estimating lactation yield. Individual milk weights or daily yields of 658 Canadian cows in 17 herds were selected to correspond to test intervals for 100,000 US cows. For a.m.-p.m. testing, the initial milk weight that was credited was selected randomly from the a.m. or p.m. milking and was alternated thereafter. Trimonthly credits were from one of the first three designated test day weights, selected randomly, and each third designated test weight thereafter. Correlations between 305-d actual lactation yield and lactation estimates by the test interval method were 0.97, 0.96, and 0.93 for monthly, a.m.-p.m., and trimonthly testing, respectively. Corresponding correlations for the best prediction method were 0.97, 0.97, and 0.93. Standard deviations of differences between estimated and 305-d actual yields for monthly, a.m.-p.m., and trimonthly testing were 373, 400, and 546 kg, respectively, for best prediction regressed on herd mean, which was a reduction in estimation error of 4, 6, and 10% over the test interval method. The advantage of best prediction was moderate if two milk weights were recorded monthly and was larger if testing was less frequent. Advantages also were found for fat and protein yields estimated by multitrait best prediction for records with reduced component sampling.
INTRODUCTION
Historically, most cows enrolled in a milk recording program in the US have had milk weights recorded monthly (14) . However, practices for collecting milk and component data (fat and protein) have changed rapidly. More than 30 innovative test plans were proposed and introduced between 1989 and 1995 (P. Dukas, 1995, personal communication). Many of the new plans require less labor for recording milk weights and collecting component samples (fat and protein), thereby reducing cost to the producers. These plans differ widely in the number of milk weights recorded and the number of component samples taken. Often cows in innovative testing programs are tested less frequently than monthly, and, in some cases, herds have as few as four milk component samples tested per year. Technological development has made electronic recording of each milking feasible; therefore, some innovative test plans have milk weights recorded more than once per month.
In 1969, the test interval method ( TIM) ( 8 ) replaced the centering date method in the US for estimating 305-d lactation milk yield because TIM produced more accurate estimates than the centering date method when milk weights and component samples were obtained each month ( 5 ) . With the centering date method, a cow was credited for the first test period with the yield on first test day multiplied by the number of days since calving. The yield credit for each successive test period was the yield produced on the successive test day multiplied by the number of days since the previous test. The credit for the last test period for lactations with <305 DIM was the yield on last test day multiplied by the number of days from the last test day through the end of lactation. For lactations with ≥305 DIM but with no test day at ≥305 DIM, the credit for the last test period was the yield on the last test day multiplied by the number of days from the last test day through d 305. The centering date method generally overestimated actual yields until peak lactation as well as yield during the period following the last test day but underestimated yields for other test periods.
The test interval for TIM is the period immediately after a test day through the following test day and is composed of two equal parts ( 2 ) . Production credits for the first half of the test period are assumed to be the same as the earlier test day yield, and credits for the last half are assumed to be the same as the later test day yield. For first and last test intervals, yield credits are calculated the same as for the centering date method. During the 1970s, TIM was improved by adjusting credits for the first and second test intervals for the nonlinear shape of the lactation curve and by adjusting the last test for a continuation of the expected decline (11) . Those adjustments eliminated biases from overestimation of the credits for first and last test intervals and from an underestimation of the credits for the second test interval.
In 1985, Norman et al. ( 6 ) showed that extending lactation yields to 305 d for those cows that remained in the herd but had discontinued milking before 305 d produced higher heritabilities and repeatabilities for lactation yield than if those records had not been extended. This finding was the basis for standardizing all lactation records to a length of 305 d for use in calculating US genetic evaluations. However, breed associations continue to show actual yields on pedigrees as the expression of phenotype. In several other countries, records terminated at <305 d are either not used or are not extended in their genetic evaluation methods ( 4 ) . Henderson et al. ( 3 ) showed that the failure to include all records on which selection is based produces biased genetic evaluations.
Recently, VanRaden ( 1 2 ) developed a procedure to calculate the accuracy of records from the current (or any proposed) test plans by considering the number and distribution of tests. The method also provided an estimate of lactation milk and component yields from test day data. The procedure has best prediction ( BP) properties and condenses information from individual test days into lactation measures of yield and persistency. The BP method uses previously established correlations between individual test days ( 7 ) and includes inversion of a matrix for each lactation record. The method can provide a prediction of the yield for any day of the lactation or the lactation total for any length through 305 d. If the mean yield for the herd is available, that yield can be used to improve the accuracy of the prediction. Otherwise, the prediction assumes the cow is from an average herd and includes mean breed yield. A theoretical basis exists for hypothesizing that a BP method is more accurate than TIM. The objective of this study was to test this hypothesis using daily yield data. Differences in the accuracy of prediction also were exam-ined for multitrait and single-trait analyses, which is pertinent to test plans in which components are recorded less frequently than milk weights.
MATERIALS AND METHODS
Estimates from BP methods and TIM were compared with actual milk yields for a wide range of milk recording frequencies to determine which method was more accurate for estimating lactation yield. Measures of accuracy were correlations between actual and estimated yields and standard deviations of differences between actual and estimated yields. Of particular interest was the determination of the accuracy of the methods for test plans in which milk weights or component samples were not collected on each milking on the test day or were recorded less frequently than once per month. This study included testing environments for cows on 1 ) traditional monthly ( MN) testing (i.e., herds for which milk weights are taken approximately 1 d/mo), 2 ) a.m.-p.m. ( AP) testing (i.e., herds for which only one of the two milk weights is recorded on the monthly test date), and 3 ) trimonthly ( TRI) testing (i.e., herds for which weights are taken 1 d every 3 mo). The estimates from the TIM and BP methods were compared with two measures of actual milk yield within each testing environment.
Individual daily milk weights were available for 658 Canadian Holstein cows in 17 herds. For all cows, daily yields had been collected since the beginning of lactation, and lactation lengths were ≥250 d. Individual milk weights had been recorded for ≥90% of milkings during each lactation.
One measure of actual lactation yield ( ≤305 d ) was based only on reported milk weights; the maximum DIM was 305. Some milk weights that were not reported in the data were estimated before actual lactation yields were derived. If only one of the two daily milking weights was available, daily yield was calculated as twice the single-milking weight. Milking times were not recorded in the Canadian data set; therefore, adjustments for milking time, as suggested by Shook et al. (10), were not possible. If both daily milkings were missing, daily yields were estimated using linear interpolation if yields were reported for the days immediately before and after missing test days. If daily yield was missing for the first or last day of lactation, missing daily yield was considered to be the same as the yield for the closest day. Using the actual recorded and estimated milk weights, when individual milkings were not reported, ≤305-d actual lactation yields were derived by summing daily yields.
A second measure of actual lactation yield (305 d ) was based on reported milk weights plus a credit for production through 305 d for cows with lactation lengths of <305 d. This credit is what the cow could have produced if management had not terminated the lactation. The 305-d actual lactation yields were derived by summing daily yields and projected credits.
All yield information came from the 658 Canadian cows; however, all testing intervals came from 100,000 US cows enrolled in MN test plans ( 1 ) . Test intervals were determined from the DIM reported for test days of the US cows. Individual milk weights or daily yields of the Canadian cows were selected to correspond with test intervals of the US cows. The Canadian data file was used multiple times to construct 100,000 observations. Although individual daily yields were used several times (approximately five) in constructing this number of observations, only a small percentage of the possible daily yield combinations were expected to be repeated, as most would not have been expected to be selected at all. This replication was useful in extracting more information from the data set and had no apparent disadvantage. If significance testing had been done, accounting for the replication would have been necessary. Lactation yields were estimated using both TIM and a BP method to compare the accuracy of estimation. Herd means that were calculated for the 17 Canadian herds enabled two measures of BP to be calculated for each record: one using mean breed yield in the regression and the other using mean herd yield.
For AP testing, an initial milk weight on the first test day for the lactation was selected randomly from the a.m. or p.m. milking, and alternate milkings were used on subsequent test days. For TRI testing, the first daily yield that was used was selected randomly from the first three designated test days, and subsequent daily yields came from each third designated test day.
A major disadvantage of TIM is that observations for correlated traits cannot be used to predict missing values. Multitrait BP allows missing component yields to be predicted from milk yields. Because daily yields of fat and protein were not available, TIM and BP methods could not be compared with true lactation yields of fat and protein. However, single-trait and multitrait BP methods were compared theoretically to quantify the value of multitrait procedures when some traits were missing.
Expected correlations were obtained for both single-trait and multitrait BP methods by pre-and postmultiplying the phenotypic variance inverse by the covariance of lactation and test day yields. Fat and protein yields were assumed to be as correlated as milk yields that were separated by the same number of days. On the same day, yields of milk and fat were assumed to be correlated by 0.65, milk and protein by 0.88, and fat and protein by 0.72. Those correlations were derived from monthly observations of milk, fat, and protein yields from the same Canadian cows. The multitrait expected correlations of true lactation yield with estimated lactation yield are used as a data collection rating by the US industry after the values are squared and adjusted so that monthly testing plans are rated 100% (12) .
RESULTS AND DISCUSSION
Means and standard deviations for actual and estimated lactation milk yields in MN, AP, and TRI testing are presented in Table 1 . As expected, means were higher (362 to 447 kg for MN testing, 264 to 331 kg for AP testing, and 303 to 361 kg for TRI testing) for all procedures that credited yield through 305 d; AP and TRI means of actual and estimated yields were similar to MN means. No obvious explanation existed for the small differences between testing environments.
Standard deviations (Table 1 ) were lowest for the two BP estimates for all testing environments because those methods regressed outlier test day yields either toward breed mean or herd mean. Each corresponding standard deviation was greater for AP than for MN testing except for the BP method considering herd mean. The large variation is not unexpected considering that no milking times were recorded in the Canadian data set and that daily yield for AP testing was assumed to be twice the singlemilking weight. For TRI testing, the standard deviation for TIM was considerably larger than those from MN and AP testing; however, the standard deviations for both BP methods were smaller than that for MN testing. The standard deviation of estimated yield from TRI testing was smaller than that from AP Correlations between actual and estimated milk yields for observations are presented in Table 2 were the same as for MN testing except that the correlations between TIM and actual yields were lower by 0.01. For TRI testing, correlations between actual and estimated yields were lower (0.92 to 0.93) than for MN and AP testing. This result is in agreement with previous reports by Meinert (1995, unpub- lished National DHIA minutes) and McDaniel ( 5 ) . Obviously, as the number of recorded daily weights decreases, the ability of the recorded information to predict actual lactation yield accurately also decreases.
Correlations of BP estimates with other variables were the same for BP regressed to either breed or herd mean regardless of testing environment; therefore, the correlations shown in Table 2 are appropriate for either BP method. Because yields came from only 17 Canadian herds, the differences in accuracy between BP with herd mean versus breed mean might vary for data sets based on national populations, depending on whether the 17 herds studied had more or less variation in yield than the entire population.
The correlations between TIM and BP estimated yield (Table 2 ) were extremely high ( ≥0.99) for all testing environments, which suggested that predictions of 305-d yield from the two methods would be similar. Correlations to three decimals (not shown in Table 2 ) between TIM and BP estimates considering breed or herd mean were 0.998 for both BP estimates for MN testing, 0.995 for herd mean BP and 0.998 for breed mean BP for AP testing, and 0.994 for both BP estimates for TRI testing. The correlations were high partly because of the large variation among yields of individual cows. Therefore, the differences between TIM and BP estimates were considered to be important despite the high correlations.
Standard deviations of differences between estimated and actual yields are shown in Table 3 . The standard deviations of differences between either BP method and both measures of actual yield were smaller than for differences between TIM and actual yield for all testing environments. For comparisons of estimated yield with 305-d actual yield, standard deviations of differences for both BP methods were 4% smaller than for TIM for MN testing, 6% smaller for AP testing, and 10% smaller for TRI testing, which indicates that both BP methods have a moderate advantage over TIM despite correlations between TIM and BP estimates of nearly 1.0. The advantage increased for testing environments in which weights and samples were recorded at less optimal intervals and frequencies. The main advantage of a BP method over TIM is that lactation records are regressed toward a population mean when few weights or samples are available. A regressed TIM might rival a BP method. However, TIM cannot be used to predict missing values for correlated traits, and a method to regress the lactation yield is not obvious, particularly when the testing intervals are not equally spaced throughout the lactation.
The opportunity to increase the accuracy of predicting 305-d yield by 4 to 10% is important and could result in large economic returns in the efficiency of milk yield. Often, culling decisions are based on a cow's actual yield, real producing ability, or predicted producing ability (13) . Because the repeatabilities of milk and component yields are near 50%, greater accuracy in calculating those rankings for early parities would mean that cows selected for survival by herd managers would yield more during later lactations than if the rankings had been based on less accurate TIM estimates.
Advantages of multitrait over single-trait BP prediction of lactation yield are illustrated in Table 4 . Multitrait correlations of predicted and true yield were similar to those reported by Schaeffer and Jamrozik ( 9 ) using a random regression approach. The single-trait correlations in Table 4 were similar for fat and protein yields but were lower than for milk yield because component samples were less numerous than milk weights. Multitrait correlations were higher for protein yield than for fat yield because milk yield is more highly correlated with protein yield than with fat yield.
For test plans with components recorded, multitrait correlations were from 1 to 5% higher than single-trait correlations for fat yield and from 2 to 9% 
CONCLUSIONS
Currently TIM is the accepted procedure in the US for estimating lactation yield from test day data. Daily yields from 658 Canadian Holsteins and information on US testing frequencies from 100,000 cows were used to determine whether BP methods could estimate lactation yields more accurately than TIM. For the traditional environment of MN tests, a moderate decrease in estimation error (4%) was found for BP methods compared with TIM in estimating 305-d actual milk yield. For AP and TRI testing, the decreases in estimation error were 6 and 10%, respectively. Because 60% of the US cows on test are enrolled in an AP plan in which intervals between tests have increased and components are not sampled at each test, new procedures that more accurately predict lactation yields for such plans (such as the BP method) should be considered as replacements for TIM. However, further research is needed to examine the accuracy of BP for projecting records in progress to 305 d.
A theoretically more accurate BP procedure was shown also to be more accurate with empirical data. The use of multitrait BP increased the accuracy of estimated fat and protein yields by 1 to 9% when component samples were obtained less frequently than milk weights. Although the results are promising, further research is needed to determine the appropriateness of multitrait BP for US milk, fat, and protein yields and SCS based on a larger set of daily data from US cows or from totally independent herds. Dairy record processing centers should evaluate the merit of implementing an alternative method to TIM to make better use of data from new milk recording plans.
